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(57) ABSTRACT

A memory controller includes an I/0 circuit, a read latency
detector and a clock domain synchromizer. The I/O circuit
transmits a first signal to a semiconductor memory device,
receives a reflected signal returned from the semiconductor
memory device, and delays the reflected signal 1n response to
a delay selection signal to generate a second signal. The
reflected signal 1s provided by reflection of the first signal
from the semiconductor memory device. The read latency
detector generates the first signal 1n response to a system
clock signal, and generates a read latency signal in response to
the system clock signal, a hold signal, and the second signal.
The clock domain synchronizer generates the delay selection
signal and the hold signal in response to the system clock
signal and the second signal.

19 Claims, 15 Drawing Sheets

1110 1150  PADT
CD_SEL
COLK CLOCK D0S
DOMAIN | o o X
CD CALEN SYNCHRON ! ZER - o
\
1/0
| CIRCUIT
READ
LATENCY
DRAM CL. DETECTOR  |CD-TXDAT
1190 RD_LAT
D_S CH2

PADZ



U.S. Patent Jan. 1, 2013 Sheet 1 of 15 US 8,345,492 B2

F1G. T

1000

1100 1500

DS
MEMORY CONTROLLER MEMORY

CHT

DQ

Ch2



U.S. Patent Jan. 1, 2013 Sheet 2 of 15 US 8,345,492 B2

FIG. 2
COLK f
act> ——{rofoniabraplefndralor
DQSD

CIEICDE
RDDATA sﬂ DAS3 "

v

.
l
.

DASD_D

RODATA_D '='°’"

=>( DAS1 Y DAS3 Y DAS5 Y DAS7



U.S. Patent Jan. 1, 2013 Sheet 3 of 15 US 8,345,492 B2

FIG. 3
CCLK :
i —— oy
s

0 E D

RDDATA m
ok (oo ) s | o7

DASD_D AN

RDDATA_D L
| ook o



U.S. Patent Jan. 1, 2013 Sheet 4 of 15 US 8,345,492 B2

FI1G. 4

1110 1150 PAD1

CD_SEL

DOMAIN T
CD_ CALEN DAS_CD

CH1
1 /0
CIRCUIT

DAS

DRAM_ CL DETECTOR  |CD-TXDAT
1120 RD_[AT
D_F DQ
RDDATA{ ~
D3 CHe

PADZ2



US 8,345,492 B2

Sheet 5 of 15

Jan. 1, 2013

U.S. Patent

-
-
O
-
O
™
-
L
™
o
T]-
L
-
Lt
™

[99S |JN] L
J01 Ug uo Lt g 0

—

- 1 K I N B

!
|
I
|
!
.
H
I
I
|
)
1
I
l
— e
I
1
I
I
|
I
I
i
l'l'lJ'- _—
l
l

IS e s = T Skl s - U A TR SR el s—

i
T
l

|

I
i
i
|
i-
I
l
I

I
]
l
i

-_.......l.___-.{..._..._l_...

I
I

I

I
i
|
|
r"—

I
— — — T—.___l._
I
i
I
!
:
I
-i‘
I
\
|
I
;
|
]

| |

B S B R e LA

I_._
]
l
o0
-
—
=,
——

= |

—{2"1

. Rl P— e PR T Sl m—

~I
-
Lol o

o

G Ul4



U.S. Patent Jan. 1, 2013 Sheet 6 of 15 US 8,345,492 B2

11
1112 1116
LULK PHASE SHIFT
DETECTOR REG| STER CO_oEL
DGS_CD
TIMER CD_HOLD
CD__CALEN

1114



1100410 0/1 OL
10 WvHd di0H @) 199

US 8,345,492 B2

v 1211
= ~ 4/4
ayoT1 dn 1VaxX1~ao

zAN!
\f,
- S ¢ -
S HOLYHINTD NI TV G0
S 1¥1 QY H3aay A4svea-M3010 { 4~ vaxs—an LYaXL 1)
=

N199
B \/
—
. — 4IINNOD — 4/ 4 4/4 Q104 @
. d 1y SIHdN0D DY i
= (s

6211 9z} 2Ll 1281

U.S. Patent
N
S
L1



US 8,345,492 B2

Sheet 8 of 15

Jan. 1, 2013

U.S. Patent

X110
o 6GLL 5L |
L e Y M N 4“
2HO eQ¥d | — A XA m
1 S )

00 =~} e
O\ S m
| | V s34 1 QA |

001 —~—oi 0 L4 L_“
o vSLL | s |
L e e Y I N N
H) 1Qvd| A LVaXL™Q)

Sier unnr Ent - B S s S T B S gyt B B B 0 s s S — e

S0a

X

— — e 4 1 & L 1 _F _§ ¢ L 3 § [ ¥ " TEUpEEETEER R T R [ p—

T S el i VN _J

L—q-h-n-u-—-—

V.LVQaM

o 9
Y



US 8,345,492 B2

Sheet 9 of 15

Jan. 1, 2013

U.S. Patent

Gall

) r I T 1.1 1 .t T 1_/

1VQX1 @0

JE -———.——_J

L--l“—h——l-_-l — - e E— g o T |

ViVQIUM

L oD
0o



US 8,345,492 B2

A xeexqg Koo gg) 00000, S R B oty
10 WYHQ+XXXXX, QG avoT1 dn
S3d 40D
AN OeaTo=L] OO
GO L# O4

Y oo ol o000, <0: 0 s

. JJE] i L GRS
ll . ™

Sheet 10 of 15
-
-1
e
-
-4
~
o
e
P

e, —_—
m 1Yaxl ad
M.,. il X730
= S8|0A0 @
J04dINOD AONJLY1 dY3d q0H~ )
NOILVHE1 VO ON|SSOHO
NIYROT YO010 NIV a0

0L 9l3

U.S. Patent



U.S. Patent Jan. 1, 2013 Sheet 11 of 15 US 8,345,492 B2

TIME[SEC]

1.4u

600n

400n

200n

0

T O oot TSt oot SO SOt oot <o <F
= OO 0O OO 000 ~OO00 — OO0 — OO0 v Q0O
- 2

[

I; -
- -

FIG. 11

CD_CALEN

CD_HOLD
CD_TXDAT '

DAS_CD f '

UP_LOAD

RDIAT od} __ _ _ {12|si4sl6478 ~  —— ng
800n 1u 1.2U

COMP_RES



U.S. Patent Jan. 1, 2013 Sheet 12 of 15 US 8,345,492 B2

1200
1110 1150 PADT
CD_SEL
COLK CLOCK
DAS
DOMAIN 30S. €0
CD CALEN __ISYNCHRON| ZER - o
1/0
CIRCUIT
READ
LATENCY
DRAM CL DETECTOR
1120 RD_LAT
D)
DATA RDDATA
INF_PF DETECT | ON CH2

CIRCUIT

PAD2

CCLK 1160



U.S. Patent Jan. 1, 2013 Sheet 13 of 15 US 8,345,492 B2

2000
2100 2000
CMD , ADDR
DATA,CLK
CHT
TEST CIRCUIT otM | CONDUCTOR
DEVICE
DAS, DQ

CH2




U.S. Patent Jan. 1, 2013 Sheet 14 of 15 US 8,345,492 B2

EST
) o b ] oum

F1G. 14
3000
3200 3300
) CND . ADDR. )
pmemmemeeee DATA, LK el
~ ST | |
ono [ ] oo |
i | DQS, DO | !
CMD . ADDR . DATA . CLK = TEST {1 | §
! 7EST | i
l-I oy [T ooz |
f __ I | |
. N ’ i
I CHIP_N-2 i
m= Test _I DUT N-1 i
TCS l CHIP_N-1 ;



U.S. Patent Jan. 1, 2013 Sheet 15 of 15 US 8,345,492 B2

4000
4100 4500
o | GNAL T
CH1
TRANSMITTER RECE | VER
S1GNAL2

CHZ



US 8,345,492 B2

1

MEMORY CONTROLLER FOR DETECTING
READ LATENCY, MEMORY SYSTEM AND
TEST SYSTEM HAVING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

A claim of priority under 35 USC §119 1s made to Korean
Patent Application No. 2009-0044879, filed on May 22,
2009. The contents of which 1s herein incorporated by refer-
ence.

BACKGROUND

The inventive concepts described herein generally relate to
a memory system, and more particularly to a memory con-
troller for detecting read latency and a memory system having,
the same.

A test system includes a test chip or a memory controller
disposed between an automatic test equipment (ATE) and a
semiconductor memory. The memory controller or the test
chip may interface between a high speed semiconductor
memory device and a low speed ATE to test the high speed
semiconductor memory device.

When the memory controller or the test chip samples data
output from the semiconductor memory device, the memory
controller or the test chip may need to set a starting point of
valid data or a valid window of data. The memory controller
or the test chip may further need to detect a read latency of the
semiconductor memory device to set the valid window of
sampling data.

SUMMARY

Exemplary embodiments of the inventive concept are gen-
crally related to a memory controller detecting a read latency,
a memory system including a memory controller that has the
memory controller, and a test system including the memory
controller that has a test circuit detecting a read latency.

In some example embodiments of the inventive concept, a
memory controller includes an mmput/output (I/0) circuit, a
read latency detector and a clock domain synchronizer.

In an exemplary embodiment of the mnventive concept, the
I/O circuit transmits a first signal to a semiconductor memory
device, recerves a reflected signal returned from the semicon-
ductor memory device, and delays the reflected signal 1n
response to a delay selection signal to generate a second
signal. The reflected signal i1s provided by reflection of the
first signal from the semiconductor memory device. The read
latency detector generates the first signal 1n response to a
system clock signal and generates a read latency signal 1n
response to the system clock signal, a hold signal, and the
second signal. The clock domain synchronizer generates the
delay selection signal and the hold signal in response to the
system clock signal and the second signal.

In an exemplary embodiment, the read latency detector
may generate a pre-read latency signal in response to the
system clock signal, the hold signal and the second s1gnal, and
may generate the read latency signal by adding an inherent
latency signal of the semiconductor memory device to the
pre-read latency signal.

In an exemplary embodiment, the read latency detector
may compare a third signal corresponding to the second sig-
nal with a fifth signal corresponding to the first signal, to
generate the read latency signal.

The read latency detector may include a flip-flop. The
tlip-flop may sample the third signal 1n response to the fifth
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signal to generate a comparison signal. The read latency
detector may include a counter. The counter may count a
number of pulses of the third signal until a logic level of the
comparison signal transitions from a first logic level to a
second logic level, and may generate a pre-read latency signal
responsive to the counted number of pulses.

The read latency detector may include an AND gate, a
tlip-flop, a transmission signal generator and a clock-based
delay circuit. The AND gate may perform an AND operation
on the second signal and the hold signal. The thp-flop may
sample an output signal of the AND gate in response to the
system clock signal, to generate the third signal. The trans-
mission signal generator may generate a fourth signal in
response to a calibration enable signal and the system clock
signal. The clock-based delay circuit may delay the fourth
signal 1n response to the system clock signal and the pre-read
latency signal to generate the fifth signal.

In an exemplary embodiment, the I/O circuit outputs read
data 1n response to data recerved from the semiconductor
memory device.

In an exemplary embodiment, the clock domain synchro-
nizer may include a phase detector, a timer and a shift register.
The phase detector may detect a phase of the second signal 1n
response to the system clock signal. The timer may generate
the hold signal 1n response to a calibration enable signal and
the second signal. The shift register may generate the delay
selection signal in response to the hold signal and an output
signal of the phase detector.

In some example embodiments of the inventive concept, a
memory system includes a semiconductor memory device
and a memory controller.

In an exemplary embodiment of the inventive concept, the
memory controller generates a first signal, transmits the first
signal to the semiconductor memory device, generates a sec-
ond signal 1n response to a reflected signal returned from the
semiconductor memory device, synchronizes the second sig-
nal with a system clock signal and compares the second signal
with the first signal to generate a read latency signal. The
reflected signal 1s provided by reflection of the first signal
from the semiconductor memory device.

In an exemplary embodiment, the memory controller may
include an mput/output (I/0) circuit, a read latency detector
and a clock domain synchronizer.

In an exemplary embodiment, the I/O circuit may transmit
the first signal to the semiconductor memory device, may
receive the reflected signal returned from the semiconductor
memory device, and may delay the reflected signal in
response to a delay selection signal to generate the second
signal. The read latency detector may generate the first signal
in response to the system clock signal, and may generate the
read latency signal 1n response to the system clock signal, a
hold signal, and the second signal. The clock domain syn-
chronizer may generate the delay selection signal and the
hold signal 1n response to the system clock signal and the
second signal.

In some example embodiments of the inventive concept, a
test system 1includes a semiconductor device and a test circuit.

In an exemplary embodiment, the test circuit generates a
first signal, transmits the first signal to the semiconductor
device, generates a second signal in response to a reflected
signal returned from the semiconductor device, synchronizes
the second signal with a system clock signal, and compares
the second signal with the first signal to generate a read
latency signal 1n a calibration mode. The test circuit compares
a first data with a second data to determine whether the
semiconductor device passes or fails in a test mode. The first
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data 1s transmitted to the semiconductor device and the sec-
ond data 1s received from the semiconductor device.

In an exemplary embodiment, the test circuit may include
an mput/output (I/0) circuit, a read latency detector and a
clock domain synchronizer.

In an exemplary embodiment, the input/output (I/0O) circuit
may transmit the first signal to the semiconductor device, may
receive the reflected signal returned from the semiconductor
device and may delay the reflected signal 1n response to a
delay selection signal to generate the second signal. The
reflected signal 1s provided by reflection of the first signal
transmitted to the semiconductor device. The read latency
detector may generate the first signal in response to the sys-
tem clock signal and may generate the read latency signal in
response to the system clock signal, a hold signal and the
second signal. The clock domain synchronizer may generate
the delay selection signal and the hold signal 1n response to
the system clock signal and the second signal.

Accordingly, 1n the memory system or the test system
according to some example embodiments, the memory con-
troller and the test circuit may include the read latency detec-
tor, the clock domain synchronizer and the I/O circuit and
may detect a read latency. The memory controller and the test
circuit for detecting the read latency may set a valid window
of the read data, thereby efficiently sampling the read data by
using a clock signal. In addition, in the communication sys-
tem that includes the circuit for detecting the read latency
according to some example embodiments, a communication
error rate may be reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
turther understanding of the embodiments of the mventive
concept, and are incorporated and constitute a part of this
specification. The drawings 1illustrate examples of embodi-
ments of the iventive concept and, together with the descrip-
tion, serve to explain principles of the embodiments of the
inventive concept, and wherein:

FIG. 1 1s a block diagram illustrating a memory system
according to an example embodiment of the inventive con-
cept;

FIGS. 2 and 3 are timing diagrams illustrating clock
domain synchronization of the memory system of FIG. 1;

FIG. 4 1s a block diagram illustrating an example of a
memory controller included 1n the memory system of FI1G. 1;

FIG. 5 1s a diagram 1llustrating simulation results of volt-
ages measured at first and second terminals of a channel
included in the memory system of FIG. 1;

FI1G. 6 1s a block diagram illustrating an example of a clock
domain synchronizer imncluded in the memory controller of
FIG. 4;

FIG. 7 1s a block diagram 1illustrating an example of a read
latency detector included 1n the memory controller of FIG. 4;

FIG. 8 1s a block diagram illustrating an example of an
input/output (I/O) circuit included 1n the memory controller
of FIG. 4;

FIG. 9 15 a block diagram 1llustrating another example of
the I/0 circuit included 1n the memory controller of FIG. 4;

FI1G. 10 1s a timing diagram 1illustrating an operation of the
memory controller of FIG. 4;

FIG. 11 1s a diagram 1llustrating simulation results of an
operation of the memory controller of FIG. 4;

FI1G. 12 1s a block diagram 1llustrating another example of
a memory controller included 1n the memory system of FIG.

1;
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FIG. 13 1s a block diagram illustrating a test system accord-
ing to an example embodiment of the mnventive concept;

FIG. 14 1s a block diagram illustrating a test system accord-
ing to another example embodiment of the mnventive concept;
and

FIG. 15 1s a block diagram illustrating a communication
system according to an example embodiment.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(L]

Various example embodiments will be described more
tully with reference to the accompanying drawings, 1n which
embodiments are shown. This inventive concept may, how-
ever, be embodied 1n many different forms and should not be
construed as limited to the embodiments set forth herein.
Rather, these embodiments are provided so that this disclo-
sure will be thorough and complete, and will fully convey the
scope of the mnventive concept to those skilled 1n the art. Like
reference numerals refer to like elements throughout this
application.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
clements should not be limited by these terms. These terms
are used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first ele-
ment, without departing from the scope of the mnventive con-
cept. As used herein, the term “and/or” includes any and all
combinations of one or more of the associated listed items.

It will be understood that when an element 1s referred to as
being “connected” or “coupled” to another element, 1t can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
1s referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. Other words used to describe the relationship
between elements should be interpreted 1n a like fashion (e.g.,
“between” versus “directly between,” “adjacent” versus
“directly adjacent,” etc.).

The terminology used herein 1s for the purpose of describ-
ing particular embodiments and 1s not intended to be limiting
of the mventive concept. As used herein, the singular forms
“a,” “an” and “‘the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
turther understood that the terms “comprises,” “comprising,”
“includes™ and/or “including,” when used herein, specity the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill 1n the art to
which this inventive concept belongs. It will be further under-
stood that terms, such as those defined 1n commonly used
dictionaries, should be interpreted as having a meaning that 1s
consistent with their meaning 1n the context of the relevant art
and will not be 1nterpreted 1n an 1dealized or overly formal
sense unless expressly so defined herein.

FIG. 1 1s a block diagram illustrating a memory system
1000 according to an example embodiment.

Referring to FIG. 1, the memory system 1000 includes a
memory controller 1100 and a semiconductor memory device
1500. The semiconductor memory device 1500 communi-
cates with the memory controller 1100 through a first channel

CHI1 and a second channel CH2. A data strobe signal DQS
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may be transmitted through the first channel CH1 and data
DQ may be transmitted through the second channel CH2.

In a calibration mode, the memory controller 1100 gener-
ates a first signal, transmits the first signal to the semiconduc-
tor memory device 1500, generates a second signal in
response to a reflected signal returned from the semiconduc-
tor memory device 1500, synchronizes the second signal with
a system clock signal and compares the second signal with the
first s1ignal to generate a read latency signal. The first signal 1s
transmitted to the semiconductor memory device 1500
through the first channel CH1. The reflected signal returns
from an mput terminal of the semiconductor memory device
1500 to the memory controller 1100 through the first channel
CH1 by reflection of the first signal transmitted to the semi-
conductor memory device 1500. An example of voltages
measured at a transmission terminal of the memory controller
1100 and at a reception terminal of the semiconductor
memory device 1500 1s illustrated in FIG. 5.

The memory controller 1100 may generate the first signal
in response to a system clock signal and may generate the read
latency signal based on the system clock signal, a hold signal,
and the second signal. For example, the memory controller
1100 may generate a pre-read latency signal based on the
system clock signal, the hold signal and the second signal, and
may generate the read latency signal 1n response to an iher-
ent latency signal of the semiconductor memory device 1500
and the pre-read latency signal.

A value of the pre-read latency signal may be a required
time during which the first signal 1s transmitted to the semi-
conductor memory device 1500 and the reflected signal
returns from the semiconductor memory device 1500. A
value of the inherent latency signal may be an inherent latency
of the semiconductor memory device 1500 determined
according to the standard of the semiconductor memory
device 1500.

For example, the read latency signal may be generated by
adding the inherent latency signal to the pre-read latency
signal. A value of the read latency signal may correspond to
the sum of the value of the pre-read latency signal and the
value of the inherent latency signal.

FIGS. 2 and 3 are timing diagrams illustrating a clock
domain synchronization of the memory system 1000 of FIG.

1.

In FIGS. 2 and 3, CCLK, DQS, DQ, DQSD and RDDATA
indicate a system clock signal, a data strobe signal, data, a
delayed data strobe signal and a parallelized data, respec-
tively. Referring to FIGS. 1, 2 and 3, the memory controller
1100 may recerve the data strobe signal DQS and the data DQ}
from the semiconductor memory device 1500. An mput/out-
put (I/O) circuit included 1n the memory controller 1100 may
delay the data strobe signal DQS to generate the delayed data
strobe signal DQSD. The memory controller 1100 may par-
allelize the data DQ to generate the parallelized data
RDDATA. In addition, in FIGS. 2 and 3, DQSD_D and
RDDATA_D indicate a phase-modified data strobe signal and
phase-modified data, respectively. The memory controller
1100 may modity a phase of the delayed data strobe signal
DQSD to generate the phase-modified data strobe signal
DQSD_D synchronized with the system clock signal CCLK.
The memory controller 1100 may modify a phase of the
parallelized data RDDATA to generate the phase-modified
data RDDATA _D synchronized with the phase-modified data
strobe signal DQSD_D.

Referring to the clock domain synchronization illustrated
in FI1G. 2, the memory controller 1100 may delay the delayed
data strobe signal DQSD to generate the phase-modified data
strobe signal DQSD_D and may delay the parallelized data
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RDDATA to generate the phase-modified data RDDATA_D,
and thus the memory controller 1100 may synchronize the
phase-modified data strobe signal DQSD_D with the system
clock signal CCLK and may synchronize the phase-modified
data RDDATA_D with the phase-modified data strobe signal
DQSD_D.

Referring to the clock domain synchronization illustrated
in FI1G. 3, the memory controller 1100 may decrease the phase
of the delayed data strobe signal DQSD to generate the phase-
modified data strobe signal DQSD_D and may decrease the
phase of the parallelized data RDDATA to generate the phase-
modified data RDDATA_D, and thus the memory controller
1100 may synchronize the phase-modified data strobe signal
DQSD_D with the system clock signal CCLK and may syn-
chronize the phase-modified data RDDATA_D with the
phase-modified data strobe signal DQSD_D.

FIG. 4 1s a block diagram illustrating an example of the
memory controller 1100 included in the memory system 1000
of FI1G. 1. Although FI1G. 4 illustrates a read latency detecting
circuit included in the memory controller 1100, the memory
controller 1100 may turther include other circuits controlling
the semiconductor memory device 1500.

Referring to FIG. 4, the memory controller 1100 may
include a clock domain synchronizer 1110, a read latency
detector 1120 and an mput/output (I/0O) circuit 1150.

The read latency detector 1120 generates a {first signal
CD_TXDAT in response to a system clock signal CCLK and
a calibration enable signal CD_CALEN, and generates a read
latency signal RD_LAT based on the system clock signal
CCLK, a hold signal CD_HOLD, a second signal DQS_CD
and an 1herent latency signal DRAM_CL of the semicon-
ductor memory device 1500. The semiconductor memory
device 1500 may be a Dynamic Random Access Memory
(DRAM). The first signal CD_TXDAT 1is transmitted to the
semiconductor memory device 1500 through the I/O circuit
1150 and the first channel CH1, and 1s reflected at the input
terminal of the semiconductor memory device 1500. The
reflected signal of the first signal CD_TXDAT returns from
the semiconductor memory device 1500 through the first
channel CH1 to the I/O circuit 1150. The second signal
DQS_CD 1s generated 1n response to the retlected signal.

The clock domain synchronizer 1110 generates a delay
selection signal CD_SEL and the hold signal CD_HOLD
based on the system clock signal CCLK, the calibration
enable signal CD_CALEN and the second signal DQS_CD.
The I/O circuit 1150 transmits the first signal CD_TXDAT
to the semiconductor memory device 1500 through a first pad
PADI1 and the first channel CH1, and generates the second
signal DQS_CD 1n response to the reflected signal. The I/O
circuit 1150 delays the reflected signal in response to the
delay selection signal CD_SEL to generate the second signal
DQS_CD. The I/O circuit 1150 generates read data RDDATA
in response to data DQ recerved from the semiconductor
memory device 1500 through the second channel CH2 and a
second pad PAD?2. The read data RDDATA may include odd-
numbered data D _F and even-numbered data D_S.

FIG. 5 1s a diagram 1llustrating simulation results of volt-
ages measured at first and second terminals of the channel
CH1 included 1n the memory system 1000 of FIG. 1.

In FIG. 5, R0 indicates the voltage measured at an 1nput
terminal of the semiconductor memory device 1500 and T0
indicates the voltage measured at an output terminal of the I/O
circuit 1150 included in the memory controller 1100. As
simulation conditions, the semiconductor memory device
1500 1s a double data rate 3 (DDR3) DRAM, a source voltage
VDD 1s about 1.5V, a ground voltage 1s about OV and a
resistance of a termination resistor 1s about 34 £2.
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Referring to FIG. 5, the voltage R0 transitions from about
0V to about 1.5V at about 7.3 ns and remains at a logic high
level. The voltage T0 transitions from about OV to about
0.75V at about 3.1 ns, transitions from about 0.75V to about
1.5V at about 9.6 ns, and remains at a logic high level.

FIG. 6 1s a block diagram 1llustrating an example of the
clock domain synchronizer 1110 included in the memory
controller 1100 of FIG. 4.

Referring to FIG. 6, the clock domain synchronizer 1110
includes a phase detector 1112, a timer 1114 and a shait
register 1116.

The phase detector 1112 may detect a phase of the second
signal DQS_CD 1n response to the system clock signal
CCLK. The timer 1114 may generate the hold signal
CD_HOLD based on the calibration enable signal
CD_CALEN and the second signal DQS_CD. The shiit reg-
ister 1116 may generate the delay selection signal CD_SEL
based on the hold signal CD_HOLD and an output signal of
the phase detector 1112.

When a logic level of the hold signal CD_HOLD 1s a first
logic level, such as logic low level, the clock domain synchro-
nizer 1110 performs a clock domain calibration for solving,
the time uncertainty issue. When the logic level of the hold
signal CD_HOLD 1s a second logic level, such as logic high
level, the clock domain synchronizer 1110 holds the delay
selection signal CD_SEL and the memory controller 1000
detects the read latency of the semiconductor memory device
1500.

FIG. 7 1s a block diagram 1illustrating an example of a read
latency detector 1120 included 1n the memory controller 1100
of FIG. 4.

Referring to FI1G. 7, the read latency detector 1120 includes
an AND gate 1121, a first thip-tflop 1122, a second tlip-tlop
1123, a transmission signal generator 1124, a clock-based
delay circuit 11235, a counter 1126, a third flip-flop 1127, a
timer 1128 and an adder 1129.

The AND gate 1121 may perform an AND operation on the
second signal DQS_CD and the hold signal CD_HOLD. The
first flip-tlop 1122 may sample an output signal of the AND
gate 1121 1n response to the system clock signal CCLK to
generate a third signal RQ. The transmission signal generator
1124 may generate a fourth signal CD_TXDAT _P based on
the calibration enable signal CD_CALEN and the system
clock signal CCLK such that a frequency of the fourth signal
CD_TXDAT_P 1s lower than a frequency of the system clock
signal CCLK. That 1s, a period of the fourth signal CD_TX-
DAT P may be longer than that of the system clock signal
CCLK. The clock-based delay circuit 1125 may delay the
tourth signal CD_TXDAT P 1n response to the system clock
signal CCLK and a pre-read latency signal LAT_P to generate
a itth signal CRQ). The second flip-flop 1123 may sample the
third signal RQ in response to the fifth signal CRQ to generate
a comparison signal COMP_RES.

The counter 1126 may count the number of pulses of the
third signal RQ until a logic level of the comparison signal
COMP_RES transitions from a first logic level to a second
logic level, and may generate the pre-read latency signal
LAT_P responsive to the counted number of pulses. For
example, the first logic level may be a logic low level and the
second logic level may be a logic high level. The counter 1126
may be an up-counter.

The third thip-flop 1127 may sample the fourth signal
CD_TXDAT_P inresponse to the system clock signal CCLK
to generate the first signal CD_TXDAT. As described above,
the first signal CD_TXDAT may be transmitted to the semi-
conductor memory device 1500 through the I/O circuit 1150
and the first channel CH1 in the calibration mode. The timer
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1128 may generate an upload signal UP_LOAD 1n response
to the hold signal CD_HOLD and the first signal CD_TX-
DAT. The adder 1129 may generate the read latency signal
RD_LAT by adding the inherent latency signal DRAM_CL
of the semiconductor memory device 1500 to the pre-read
latency signal LAT_P in response to the upload signal
UP_LOAD.

FIG. 8 1s a block diagram 1llustrating an example of the I/O
circuit 1150q included 1n the memory controller 1100 of FIG.

4.

Referring to FIG. 8, the I/O circuit 11504 includes a first
strobe I/O unit 10_DQS1 and a first data I/O unit 10_DQ1.

The first strobe I/O unit 10_DQS1 may output the first
signal CD_TXDAT 1n response to a transmission clock signal
CLK_TX through the first pad PADI1, may receive the
reflected signal of the first signal CD_TXDAT returned from
the semiconductor memory device 1500 through the first
channel CH1, and may delay the reflected signal in response
to the delay selection signal CD_SEL to generate the second
signal DQS_CD.

The first strobe I/O umt 1I0_DQS1 may include a first
strobe output unit O_DQS1 and a first strobe input unit
I_DQSI1.

The first strobe output unit O_DQS1 may include a first
multiplexer 1152 and a first butier 1154. The first multiplexer

1152 may output the first signal CD_TXDAT 1n response to
the transmission clock signal CLK_TX. The first butler 1154
may buffer an output signal of the first multiplexer 1152.

The first strobe mput unit I_DQS1 may include a second
buifer 1153 and a first varniable delay line 1151. The second
buifer 1153 may buifer the reflected signal. The first variable
delay line 1151 may delay an output signal DQS_B of the
second butler 1153 1n response to the delay selection signal
CD_SEL to generate the second signal DQS_CD.

The first data I/O unit I/O_DQ1 may output write data
WRDATA 1n response to the transmission clock signal
CLK_TX through the second pad PAD2, may recerve data
DQ from the semiconductor memory device 1500 through the
second channel CH2, and may delay the recerved data DQ 1n
response to the delay selection signal CD_SEL to generate
the read data RDDATA. The read data RDDATA may include
the odd-numbered data D_F and the even-numbered data
D_S.

The first data I/O unit I0_DQ1 may include a first data
output unit O_DQ1 and a first data mnput unit I_DQ1.

The first data output unit O DQI may include a second
multiplexer 1158 and a third builer 1159. The second multi-
plexer 1158 may output the write data WRDATA 1n response
to the transmission clock signal CLK_TX. The third buiier
1159 may buffer an output signal of the second multiplexer
1158.

The first data input unit I_DQ1 may include a fourth butfer
1157, afirst deserializer 1156 and a second variable delay line
1155. The fourth buifer 1157 may bufler the received data
DQ. The first deserializer 1156 may deserialize an output
signal DQ_B of the fourth builfer 1157 1n response to the
output signal DQS_B of the second builer 1153, and may
generate odd-numbered pre-data DQ_F and even-numbered
pre-data DQ_S. The second variable delay line 11535 may
delay the odd-numbered pre-data DQ_F and the even-num-
bered pre-data DQ_S in response to the delay selection signal

CD_SEL, and may output the read data RDDATA including
the odd-numbered data D F and the even-numbered data

D_S.

FIG. 9 1s a block diagram 1llustrating another example of
the I/O circuit 11505 1included 1n the memory controller 1100
of FIG. 4.
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Referring to FIG. 9, the I/O circuit 115056 includes a second
strobe /O unit IO_D(QS2 and a second data I/O unit IO_DQ?2.

The second strobe I/O umt 10_DQS2 may output the first
signal CD_TXDAT through the first pad PAD1 1n response to
a transmission clock signal CLK_TX and a first delay control
signal CDL1, may receive the reflected signal of the first
signal CD_TXDAT returned from the semiconductor
memory device 1500 through the first channel CH1, and may
delay the retlected signal 1n response to the first delay control
signal CDL1 and the delay selection signal CD_SEL to gen-
erate the second signal DQS_CD. The first delay control
signal CDL1 may be used to control a delay time of the
signals for compensating skews of the channels disposed
between the memory controller 1100 and the semiconductor
memory device 1500. For example, the first delay control
signal CDL1 may be generated in the memory controller
1100.

The second strobe I/O unit 10_DQS2 includes a second
strobe output unit O_D(QS2 and a second strobe input unit
I_DQS2.

The second strobe output unit O_DQS2 may include a first
multiplexer 1152, a third variable delay line 1162 and a first
buiter 1154. The first multiplexer 1152 may output the first
signal CD_TXDAT in response to the transmission clock
signal CLK_TX. The third variable delay line 1162 may delay
an output signal of the first multiplexer 1152 1n response to
the first delay control signal CDL1. The first buifer 1154 may
butifer an output signal of the third variable delay line 1162.

The second strobe input unitI_DQS2 may include a second
buffer 1153, a fourth vanable delay line 1161 and a first

variable delay line 1151. The second bufier 1153 may buiier
the reflected signal. The fourth variable delay line 1161 may
delay an output signal DQS_B of the second buffer 1153 1n
response to the first delay control signal CDL1. The first
variable delay line 1151 may delay an output signal DQSD of
the fourth variable delay line 1161 1n response to the delay
selection signal CD_SEL to generate the second signal
DQS_CD.

The second data I/O unit I0_D(Q2 may output the write
data WRDATA through the second pad PAD2 in response to
the transmission clock signal CLK_TX and a second delay
control signal CDL2, may receive the data DQ from the
semiconductor memory device 1500 through the second
channel CH2, and may delay the received data DQ 1n
response to the second delay control signal CDL2 and the
delay selection signal CD_SEL to generate the read data
RDDATA. The read data RDDATA may include the odd-
numbered data D F and the even-numbered data D S. The
second delay control signal CDL2 may be used to control a
delay time of the signals for compensating skews of the
channels disposed between the memory controller 1100 and
the semiconductor memory device 1500. For example, the
second delay control signal CDL2 may be generated 1n the
memory controller 1100.

The second data I/O unit 10_DQ2 may include a second
data output unit O_DQ2 and a second data input umt I_DQ?2.

The second data output unit O_D(Q2 may include a second
multiplexer 1158, a fifth variable delay line 1164 and a third
buffer 1159. The second multiplexer 1158 may output the
write data WRDATA 1n response to the transmission clock
signal CLK_TX. The fifth varniable delay line 1164 may delay

an output signal of the second multiplexer 1158 1n response to
the second delay control signal CDL2. The third builer 11359

may buffer an output signal of the fifth variable delay line
1164.
The second data input umt I_DQ2 may include a fourth

butter 1157, a sixth variable delay line 1163, a first deserial-
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1zer 1156 and a second variable delay line 1155. The fourth
builfer 1157 may butler the recerved data DQ. The sixth vari-
able delay line 1163 may delay an output signal DQ_B of the
fourth buffer 1157 in response to the second delay control
signal CDL2. The first deserializer 1156 may desernalize an
output signal DQD of the sixth variable delay line 1163 1n
response to the output signal DQSD of the fourth variable
delay line 1161, and may generate the odd-numbered pre-data
DQ_F and the even-numbered pre-data DQ_S. The second
variable delay line 1156 may delay the odd-numbered pre-
data DQ_F and the even-numbered pre-data DQ_S 1n
response to the delay selection signal CD_SEL, and may
output the read data RDDATA including the odd-numbered
data D F and the even-numbered data D _S.

Compared to the I/O circuit 1150a of F1G. 8, the I/O circuit
115056 of FIG. 9 further includes the third and fourth variable
delay lines 1162 and 1161 that are used to control the delay
time of the signals 1n response to the first delay control signal
CDL1. In addition, the I/O circuit 115056 of FIG. 9 further
includes the fifth and sixth variable delay lines 1164 and 1163
that are used to control the delay time of the signals in
response to the second delay control signal CDL2. The third,
tourth, fifth and sixth variable delay lines 1162, 1161, 1164
and 1163 may compensate skews of the channels disposed
between the memory controller 1100 and the semiconductor
memory device 1500.

FIG. 10 1s a timing diagram 1llustrating an operation of the
memory controller 1100 of FIG. 4.

In FIG. 10, CD_CALEN, CD_HOLD, CCLK and
CD_TXDAT indicate the calibration enable signal, the hold
signal, the system clock signal and the first signal generated in
the memory controller 1100, respectively. DQS and
DQS_CD indicate a voltage measured at the first pad PAD1
and the second signal generated in response to the reflected
signal of the first signal CD_TXDAT, respectively. CD_SEL,
RQ, CRQ and COMP_RES indicate the delay selection sig-
nal, the third signal input to the second tlip-tflop 1123, the fifth
signal input to the second flip-tflop 1123 and the comparison
signal output from the second tlip-tlop 1123, respectively.
UP_LOAD indicates the enable signal that controls an adding
operation of the mmherent latency signal of the semiconductor
memory device 1500 to the pre-read latency signal LAT_P.
RD_LAT indicates the read latency signal.

In FIG. 10, frequencies of the first signal CD_TXDAT and
the fifth signal CRQ 1s twenty times smaller than a frequency
of the system clock signal CCLK. A period of time td 1ndi-
cates a delay time of the channel disposed between the
memory controller 1100 and the semiconductor memory
device 1500. A period of time 2*td 1indicates a required time
during which the first signal CD_TXDAT 1s transmitted to the
semiconductor memory device 1500 and returns as the
reflected signal from the semiconductor memory device 1500
to the first pad PADI1. In addition, the delay selection signal
CD_SEL 1s a seven bit signal CD_SEL<6:0> and the read
latency signal RD_LAT 1s five bit signal RD_LAT<4:0>. The
hold signal CD_HOLD 1s disabled while the clock domain
synchronizer 1110 synchronizes the second signal DQS_CD
with the system clock signal CCLK, and 1s enabled while the
read latency detector 1120 generates the read latency signal
RD_LAT.

Referring to FIG. 1 through FIG. 10, an operation of the
memory system 1000 according to example embodiments of
the inventive concept will be described.

In the calibration mode, the memory controller 1100 may
detect a read latency based on the read latency signal. The
read latency indicates a period of time during which a signal
1s transmitted from the memory controller 1100 to a memory
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cell array included in the semiconductor memory device 1500
and returns from the memory cell array to the memory con-
troller 1100. The memory controller 1100 may determine a
valid window or a valid range of the data read from the
semiconductor memory device 1500 1n the normal mode
using the detected read latency.

Referring to FIG. 4 through FI1G. 9, 1n the calibration mode,
the read latency detector 1120 generates the first signal
CD_TXDAT, and transmits the first signal CD_TXDAT to the

semiconductor memory device 1500 through the I/O circuit
1150 and the first channel CHI1. The reflected signal of the

first signal CD_TXDAT returns from the semiconductor

memory device 1500 to the memory controller 1100 through
the first channel CH1 by retlection of the first signal CD_TX-

DAT at the mput terminal of the semiconductor memory
device 1500. The I/O circuit 1150 generates the second signal
DQS_CD 1n response to the reflected signal.

The clock domain synchromizer 1110 detects the phase of
the system clock signal CCLK to generate the delay selection
signal CD_SEL. The delay time of the first variable delay line
1151 included 1n the 1/0 circuit 1150 1s modified in response
to the delay selection signal CD_SEL, and thus the second
signal DQS_CD 1s synchronized with the system clock signal
CCLK.

The read latency detector 1120 compares the {first signal
CD_TXDAT with the second signal DQS_CD to generate the
read latency signal RD_LAT such that the first signal
CD_TXDAT 1s generated in response to the system clock
signal CCLK and the second signal DQS_CD 1s generated 1n
response to the reflected signal DQS. The read latency detec-
tor 1120 may detect the read latency to provide the read
latency signal RD_L AT.

Referring to FIG. 7, the read latency detector 1120 com-
pares the third signal RQ with the fifth signal CRQ to generate
the read latency signal RD_LAT. The third signal RQ may
correspond to the second signal DQS_CD and the fifth signal
CRQ may correspond to the first signal CD_TXDAT. The
second flip-flop 1123 included 1n the read latency detector
1120 samples the third signal RQ 1n response to the fifth
signal CRQ) to generate the comparison signal COMP_RES.
The counter 1126 included in the read latency detector 1120
counts the number of pulses of the third signal RQ) until the
logic level of the comparison signal COMP_RES 1s changed
from the first logic level to the second logic level, and gener-
ates the pre-read latency signal LAT_P responsive to the
counted number of pulses. The first logic level may be the
logic low level and the second logic level may be the logic
high level.

Theread latency detector 1120 increases a delay time of the
clock-based delay circuit 1125 1n response to the pre-read
latency signal LAT_P. The read latency detector 1120 also
delays a phase of the fifth signal CRQ and compares the third
signal RQ with the fifth signal CRQ. The read latency detector
1120 may repeat the increasing operation, the delaying opera-
tion and the comparing operation until the logic level of the
comparison signal COMP_RES i1s changed from the first
logic level to the second logic level.

In FI1G. 10, a value of the pre-read latency signal LAT_P 1s
8. If the number of the comparing operation 1s sufficiently
large, the upload signal UP_LOAD i1s enabled, and the adder
1129 1ncluded 1n the read latency detector 1120 adds the
inherent latency signal DRAM_CL of the semiconductor
memory device 1500 to the pre-read latency signal LAT_P to
generate the read latency signal RD_LAT. In FIG. 10, the
upload signal UP_LOAD 1s enabled after the read latency
detector 1120 performs the comparing operation 32 times.
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FIG. 11 1s a diagram 1llustrating simulation results of an
operation of the memory controller 1100 of FIG. 4. Signals
illustrated in FIG. 11 may correspond to the signals 1llustrated
in FI1G. 10.

Referring to FIG. 11, the value of the pre-read latency
signal LAT_P 1s the number of times the comparing operation
1s performed after the third signal RQ 1s generated until the
logic level of the comparison signal COMP_RES 1s changed
from logic low level to logic high level. For example, the
value of the pre-read latency signal LAT P 1s the number of
generated pulses of the third signal RQ until the logic level of
the comparison signal COMP_RES 1s changed from logic
low level to logic high level.

The value of the read latency signal RD_LAT of the
memory system 1000 may be calculated by adding the value
of the mherent latency signal of semiconductor memory
device 1500 to the value of the pre-read latency signal LAT_P.
In FIG. 11, the value of the pre-read latency signal LAT_P 1s
about 8 and the value of the inherent latency signal of semi-
conductor memory device 1500 1s about 10, and thus the
value of the read latency signal RD_LAT of the memory
system 1000 1s about 18.

FIG. 12 15 a block diagram 1llustrating another example of
a memory controller 1200 included 1n the memory system
1000 of FIG. 1.

Reterring to FIG. 12, the memory controller 1200 includes
the clock domain synchronizer 1110, a read latency detector
1120, an mput/output (I/O) circuit 1150 and a data detection
circuit 1160.

The read latency detector 1120 generates a first signal
CD_TXDAT 1n response to a system clock signal CCLK and
a calibration enable signal CD_CALEN, and generates a read
latency signal RD_LAT based on the system clock signal
CCLK, a hold signal CD_HOLD, a second signal DQS_CD
and an 1herent latency signal DRAM_CL of the semicon-
ductor memory device 1500. The semiconductor memory
device 1500 may be a Dynamic Random Access Memory
(DRAM). The first signal CD_TXDAT 1is transmitted to the
semiconductor memory device 1500 through the I/O circuit
1150 and the first channel CH1, and 1s retlected at the input
terminal of the semiconductor memory device 1500. The
reflected signal of the first signal CD_TXDAT returns from
the semiconductor memory device 1500 through the first
channel CH1 and the I/O circuit 1150. The second signal
DQS_CD 1s generated 1n response to the reflected signal.

The clock domain synchronizer 1110 generates a delay
selection signal CD_SEL and the hold signal CD_HOLD
based on the system clock signal CCLK, the calibration
enable signal CD_CALEN and the second signal DQS_CD.
The I/O circuit 1150 transmits the first signal CD_TXDAT
to the semiconductor memory device 1500 through a first pad
PADI1 and the first channel CH1, and generates the second
signal DQS_CD 1n response to the reflected signal. The 1/O
circuit 1150 delays the retlected signal 1n response to the
delay selection signal CD_SEL to generate the second signal
DQS_CD. The I/O circuit 1150 generates read data RDDATA
in response to data DQ recerved from the semiconductor
memory device 1500 through the second channel CH2 and a
second pad PAD2. The read data RDDATA may include odd-
numbered data D _F and even-numbered data D_S.

The data detection circuit 1160 samples the read data
RDDATA 1n response to the system clock signal CCLK to
generate a test information signal INF_PF.

FIG. 13 15 a block diagram 1llustrating a test system 2000
according to an example embodiment.

Referring to FIG. 13, the test system 2000 1ncludes a test
circuit 2100 and a semiconductor device 2500.
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The test circuit may include the memory controller 1100 of
FIG. 4 or the memory controller 1200 of FIG. 12.

The test circuit 2100 transmits a command signal CMD, an
address signal ADDR, a first data DATA and a clock signal
CLK to the semiconductor device 2500 through a first chan-
nel CH1, and receives a data strobe signal DQS and a second
data DQ from the semiconductor device 2500 through a sec-
ond channel CH2. In a test mode, the test circuit 2100 may
compare the first data DATA with the second data DQ to
determine whether the semiconductor device 2500 passed or
tailed.

In a calibration mode, the test circuit 2100 generates a first
signal, transmits the first signal to the semiconductor device
2500, generates a second signal in response to a retlected
signal returned from the semiconductor device 2500, syn-
chronizes the second signal with a system clock signal, and
compares the second signal with the first signal to generate a
read latency signal. The reflected signal returns from the
semiconductor device 2500 to the test circuit 2100 by reflec-
tion of the first signal transmitted to the semiconductor device
2500. The test circuit 2100 may detect a read latency of the
test system 2000 1n response to the read latency signal.

In FIG. 13, the first and second channels CH1 and CH2
may include a plurality of channels, respectively.

FI1G. 14 1s a block diagram illustrating a test system 3000
according to another example embodiment.

Referring to FIG. 14, the test system 3000 includes an
automatic test equipment (ATE) 3100, a test circuit 3200 and
a plurality of device under tests (DUTs) 3300.

The ATE 3100 transmits a command signal CMD, an
address signal ADDR, a first data DATA, a clock signal CLK,
a mode control signal CTRL_MODE and a test information
signal INF_TEST to the test circuit 3200, and recerves a test
result information signal INF_P/F from the test circuit 3200.
The ATE 3100 may transmit a calibration starting signal TCS
to the test circuit 3200.

The test circuit 3200 provides the command signal CMD,
the address signal ADDR, the first data DATA and the clock
signal CLK to the plurality of DUT's 3300 and receives a data
strobe signal DQS and a second data DQ from the plurality of
DUTs 3300. The test circuit 3200 may compare the first data
DATA with the second data DQ to determine whether the
plurality of DUTs 3300 passed or failed 1n a test mode.

The test circuit 3200 includes a plurality of test chips TEST
CHIP_00, TEST CHIP_01, TEST CHIP_02, TEST
CHIP_N-2, TEST CHIP_N-1,and TEST CHIP N The plu-
rality of DUT's 3300 includes a first DUT DUT_00, a second
DUT DUT 01, ..., an-th DUT DUT N. Each of the test
chips may 1nclude the memory controller 1100 of FIG. 4 or
the memory controller 1200 of F1G. 12. Each of the test chips
may also communicate with each of the DUT's corresponding,
to the each of the test chips.

For example, a first test chup TEST CHIP_00 provides the
command signal CMD, the address signal ADDR, the first
data DATA and the clock signal CLK to the first DUT
DUT_00, and recerves the data strobe signal DQS and the
second data DQ from the first DUT DUT_00. The first test
chip TEST CHIP_00 compares the first data DATA with the
second data DQ) to determine whether the first DUT DUT_00
1s passed or failed 1n a test mode.

The test system 3000 may set a plurality of valid windows
of the data read from the plurality of the DUT's 3300 based on
a plurality of read latencies detected by the plurality of test
chups 3200, respectively. The test system 3000 may also
determine whether the plurality of DUTs 3300 passed or
tailed by comparing the first data DATA with the second data

DQ.
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FIG. 15 1s a block diagram illustrating a communication
system according to an example embodiment.

Referring to FIG. 15, the communication system 4000
includes a transmitter 4100 and a receiver 4500.

The transmitter 4100 may include the memory controller
1100 of FIG. 4 or the memory controller 1200 o1 F1G. 12. The
transmitter 4100 transmits a first signal SIGNAL1 to the
receiver 4500, and recerves the first signal SIGNAL1 from the
receiver 4500 through a first channel CH1. The transmuitter
4100 transmits a second signal SIGNAL2 to the recerver

4500, and recerves the second signal SIGNAL2 from the

receiver 4500 through a second channel CH2. The first and
second channels CH1 and CH2 may include a plurality of
channels, respectively. Each of the channels may transmit at
least one of the signals.

In a calibration mode, the transmitter 4100 generates a first
compensation signal, transmits the first compensation signal
to the receiver 4500, generates a second compensation signal
in response to a reflected signal returned from the recerver
4500, synchronizes the second compensation signal with a
system clock signal, and compares the second compensation
signal with the first compensation signal to generate a read
latency signal. The reflected signal returns from the recerver
4500 to the transmitter 4100 by retlection of the first compen-
sation signal transmitted to the recerver 4500. The transmitter
4100 may detect a read latency of the communication system
4000 1n response to the read latency signal.

As described above, the inventive concept may be used 1n
a communication system including a transmitter and a
receiver. The inventive concept may also be used 1n a memory
system sampling data by using a clock signal.

While the example embodiments and their advantages
have been described 1n detail, 1t should be understood that
various changes, substitutions and alterations may be made
herein without departing from the scope of the inventive
concept.

What 1s claimed 1s:

1. A memory controller comprising:

an 1nput/output (I/0) circuit configured to transmit a first
signal to a semiconductor memory device, to receive a
reflected signal returned from the semiconductor
memory device, and to delay the reflected signal 1n
response to a delay selection signal to generate a second
signal, the reflected signal being provided by retlection
of the first signal from the semiconductor memory
device;

a read latency detector configured to generate the first
signal 1n response to a system clock signal, and to gen-
crate a read latency signal based on the system clock
signal, a hold signal, and the second signal; and

a clock domain synchronizer configured to generate the
delay selection signal and the hold signal based on the
system clock signal and the second signal.

2. The memory controller of claim 1, wherein the read
latency detector generates a pre-read latency signal based on
the system clock signal, the hold signal and the second signal,
and generates the read latency signal by adding an inherent
latency signal of the semiconductor memory device to the
pre-read latency signal.

3. The memory controller of claim 1, wherein the read
latency detector compares a third signal corresponding to the
second signal with a fourth signal corresponding to the first
signal, to generate the read latency signal.

4. The memory controller of claim 3, wherein the read
latency detector includes:

a thip-flop configured to sample the third signal 1n response

to the fourth signal to generate a comparison signal.
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5. The memory controller of claam 4, wherein the read
latency detector includes:

a counter configured to count a number of pulses of the
third signal until a logic level of the comparison signal
transitions from a first logic level to a second logic level,
and to generate a pre-read latency signal responsive to
the counted number of pulses.

6. The memory controller of claim 5, wherein the read

latency detector includes:

an AND gate configured to perform an AND operation on
the second signal and the hold signal;

a thip-tflop configured to sample an output signal of the
AND gate 1n response to the system clock signal, to
generate the third signal;

a transmission signal generator configured to generate a
fifth signal based on a calibration enable signal and the
system clock signal; and

a clock-based delay circuit configured to delay the fifth
signal in response to the system clock signal and the
pre-read latency signal, to generate the fourth signal.

7. The memory controller of claim 1, wherein the I/O
circuit outputs read data 1n response to data recerved from the
semiconductor memory device.

8. The memory controller of claim 1, wherein the clock
domain synchronizer includes:

a phase detector configured to detect a phase of the second

signal 1n response to the system clock signal;

a timer configured to generate the hold signal based on a
calibration enable signal and the second signal; and

a shift register configured to generate the delay selection
signal based on the hold signal and an output signal of
the phase detector.

9. A memory system comprising;:

a semiconductor memory device; and

amemory controller configured to generate a first signal, to
transmit the first signal to the semiconductor memory
device, to generate a second signal 1n response to a
reflected signal returned from the semiconductor
memory device, to synchronize the second signal with a
system clock signal, and to compare the second signal
with the first signal to generate a read latency signal, the
reflected signal being provided by reflection of the first
signal from the semiconductor memory device.

10. The memory system of claim 9, wherein the memory

controller includes:

an iput/output (I/0) circuit configured to transmuit the first
signal to the semiconductor memory device, to receive
the reflected signal returned from the semiconductor
memory device, and to delay the reflected signal in
response 1o a delay selection signal to generate the sec-
ond signal;

a read latency detector configured to generate the first
signal 1n response to the system clock signal, and to
generate the read latency signal based on the system
clock signal, a hold signal and the second signal; and

a clock domain synchronizer configured to generate the
delay selection signal and the hold signal based on the
system clock signal and the second signal.

11. The memory system of claim 10, wherein the read
latency detector generates a pre-read latency signal based on
the system clock signal, the hold signal and the second signal,
and generates the read latency signal by adding an inherent
latency signal of the semiconductor memory device to the
pre-read latency signal.

12. The memory system of claim 10, wherein the read
latency detector compares a third signal corresponding to the
second signal with a fourth signal corresponding to the first

signal, to generate the read latency signal.
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13. The memory system of claim 12, wherein the read

latency detector includes:

a thip-flop configured to sample the third signal 1n response
to the fourth signal, to generate a comparison signal.

14. The memory system of claim 13, wherein the read

latency detector includes:

a counter configured to count a number of pulses of the
third signal until a logic level of the comparison signal
transitions from a first logic level to a second logic level,
and to generate a pre-read latency signal responsive to
the counted number of pulses.

15. The memory system of claim 14, wherein the read

latency detector includes:

an AND gate configured to perform an AND operation on
the second signal and the hold signal;

a fhip-tlop configured to sample an output signal of the
AND gate 1n response to the system clock signal CCLK,
to generate the third signal;

a transmission signal generator configured to generate a
fifth signal based on a calibration enable signal and the
system clock signal; and

a clock-based delay circuit configured to delay the fifth
signal 1n response to the system clock signal and the
pre-read latency signal, to generate the fourth signal.

16. The memory system of claim 10, wherein the I/O

circuit outputs read data 1n response to data recerved from the
semiconductor memory device.

17. The memory system of claim 10, wherein the clock

domain synchronizer includes:

a phase detector configured to detect a phase of the second
signal 1n response to the system clock signal;

a timer configured to generate the hold signal based on a
calibration enable signal and the second signal; and

a shiit register configured to generate the delay selection
signal based on the hold signal and an output signal of
the phase detector.

18. A test system comprising;:

a semiconductor device; and

a test circuit configured to generate a first signal, to trans-
mit the first signal to the semiconductor device, to gen-
crate a second signal 1n response to a reflected signal
returned from the semiconductor device, to synchronize
the second signal with a system clock signal, to compare
the second signal with the first signal to generate a read
latency signal 1n a calibration mode, and to compare a
first data transmitted to the semiconductor device with a
second data recerved from the semiconductor device to
determine whether the semiconductor device passes or
fails 1n a test mode.

19. The test system of claim 18, wherein the test circuit

includes:

an mput/output (I/0) circuit configured to transmit the first
signal to the semiconductor device, to receive the
reflected signal returned from the semiconductor device,
and to delay the reflected signal 1n response to a delay
selection signal to generate the second signal, the
reflected signal being provided by reflection of the first
signal from the semiconductor device;

a read latency detector configured to generate the first
signal 1n response to the system clock signal, and to
generate the read latency signal based on the system
clock signal, a hold signal and the second signal; and

a clock domain synchronizer configured to generate the
delay selection signal and the hold signal based on the

system clock signal and the second signal.
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